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ABSTRACT Our recently developed off-lattice

bead model capable of simulating protein struc-

tures with mixed �/� content has been extended to

model the folding of a ubiquitin-like protein and

provides a means for examining the more complex

kinetics involved in the folding of larger proteins.

Using trajectories generated from constant-tempera-

ture Langevin dynamics simulations and sampling

with the multiple multi-histogram method over five-

order parameters, we are able to characterize the

free energy landscape for folding and find evidence

for folding through compact intermediates. Our

model reproduces the observation that the C-

terminus loop structure in ubiquitin is the last to

fold in the folding process and most likely plays a

spectator role in the folding kinetics. The possibility

of a productive metastable intermediate along the

folding pathway consisting of collapsed states with

no secondary structure, and of intermediates or

transition structures involving secondary struc-

tural elements occurring early in the sequence, is

also supported by our model. The kinetics of folding

remain multi-exponential below the folding tempera-

ture, with glass-like kinetics appearing at T/Tf �

0.86. This new physicochemical model, designed to

be predictive, helps validate the value of modeling

protein folding at this level of detail for genomic-

scale studies, and motivates further studies of other

protein topologies and the impact of more complex

energy functions, such as the addition of solvation

forces. Proteins 2002;46:000–000.
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INTRODUCTION

Experimental and theoretical studies on the folding of
small globular proteins have established they fold by a
cooperative two-state mechanism, finding evidence for the
presence of an unfolded ensemble and a native-state
ensemble, with little population in between these states.1–8

This is accounted for in the theoretical framework of
energy landscape theory as evidence for the principle of
minimal frustration, and recent work has further ad-
vanced the idea that not only energetic, but also topologi-
cal, frustration is minimized.1,9–14

However, as we contemplate the folding of larger pro-
teins, this picture could require modification. With larger
proteins, we might expect that the need to form collapsed
or partially collapsed intermediates to reduce the conforma-
tional search space becomes more important. Characteriz-
ing the nature of these intermediates, both obligatory and
nonobligatory, constitutes an important part of our under-
standing of the folding pathways for larger and topologi-
cally more complex proteins. An investigation into the
question as to whether the folding of larger proteins is also
governed by topological frustration (using a Go� model that
all but eliminates any energetic frustration) showed that
both transition state ensembles and intermediates of
larger proteins are determined primarily by topological
effects,15 in good qualitative agreement with the experi-
ment.

Given the productive interplay between analytical theory,
experiment, and protein folding simulations,1–8 our recent
work seeks to design protein models that establish stron-
ger quantitative connections to experiments by designing
sequences and structures that are faithful to the real
sequences and structures, and Hamiltonians that are
predictive and interpretable with respect to known physi-
cal interactions.16–19 This approach is complemetary to
off-lattice minimalist models based on Go� interactions that
are not typically capable of quantitative prediction with-
out knowledge of the known and correct interactions.

An important advantage of minimalist protein models of
any sort is the ability to examine the folding of larger
proteins rather than those accessible by more detailed
simulations. Although more realistic detail about a specific
folding or unfolding trajectory can now be achieved with
atomistic simulations in explicit solvent, the ability to
collect statistics over many trajectories, sampled over
varying conditions and various models, is still beyond
current computational limits.20–22 The advantages of mini-
malist models lie in their ability to rapidly collect meaning-
ful statistics about folding pathways and kinetics, their
ease of characterization with only a few order parameters,
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and their concentration on the essential physics of the
problem, which are useful if we are to draw general
conclusions applicable to more than the specific protein of
interest. At the same time we would like to retain enough
chemical detail in our minimalist models to make contact
with experimental observables for a given target protein
that we choose to design.

In recent work, using an off-lattice bead model originally
pioneered by Thirumalai and coworkers,23–25 we devel-
oped a sequence design tool based on threading for success-
ful development of a much improved minimalist model for
small proteins with all �-sheet topologies.16 We have
extended the scope of the predictive minimalist model by
successfully designing for the first time a mixed �/� fold
with this model, whose kinetics and thermodynamics of
folding made direct comparisons with experiments on (�/�)
proteins L and G.17–19,26,27 In this article, we probe the
thermodynamics and kinetics of a larger protein than has
been previously studied at this level by developing a
folding model of a ubiquitin28 protein, in which our se-
quence design method16 plays an instrumental role. Using
the multiple multidimensional histogram method,29,30 we
are able to project the free energy landscape onto various
order parameters to show that the folding of our ubiquitin-
like model follows a folding pathway with a collapsed
non-native intermediate, with sufficient bias in the land-
scape to be able to direct the chain to the proper native-
state structure. We analyze these results with particular
attention to experimental comparison with the observed
folding of ubiquitin.31–36 We conclude with a summary of
these results and a description of future directions with
this level of modeling.

METHODS AND MODELS

Energy Function

The level of description of the protein chain and choice of
parameters for the energy function have been described
extensively in a previous publication.17 The essential
details are described in the present study. The protein
chain is modeled as a chain of beads of three flavors:
hydrophobic (B), hydrophilic (L), or neutral (N). Attraction
between the hydrophobic beads provides the energetic
driving force for the formation of a strong core; repulsion
between the hydrophilic beads and other beads is used to
balance the forces and bias the correct native fold; and the
neutral beads serve as soft spheres with little repulsion
and typically signal the turn regions in the sequence.

The potential energy for the model is

E � �
angles

1
2

k��� � �0�
2 � �

dihedrals
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Bond lengths are held rigid, and the bond angles are
maintained by a harmonic potential with force constant

k� � 20εH/(rad)2 and equilibrium bond angle �0 � 105°. εH

is the basic energy unit, corresponding to the minimum in
the attraction energy between two B beads. The nonlocal
interactions are given by S1 � S2 � 1 for BB interactions,
S1 �

1
3

and S2 � � 1 for LL and LB interactions, and
S1 � 1 and S2 � 0 for all interactions involving N

residues.
Unlike the previous models, the dihedral potential is

designed to simulate helical, extended, or turn regions of
the protein sequence. To define a particular protein model,
the sequence of beads and the sequence of dihedral propen-
sities must be specified. The dihedral potential itself is a
combination of the potentials used in the previous all-�
and all-� models.24,25 The parameter choices correspond-
ing to the three possible dihedral states are A � 0, B �

C � D � 1.2εH for helical, extended (A � 0.9εH, B �

D � 0, C � 1.2εH), or turn (A � B � D � 0, C �

1.2εH). Like the original dihedral potentials, these poten-
tials possess three minima: a global minimum correspond-
ing to the proper state, and two degenerate local minima
higher in energy.

The advantages and limitations of this description have
been addressed previously.17 The dihedral potentials serve
as potentials of mean force meant to reproduce the intrin-
sic secondary structure propensity of certain sequences of
amino acids. Such potentials are required, as important
determinants of secondary structure in real proteins, such
as backbone hydrogen bonding and side-chain steric restric-
tions, are “integrated” out at our level of description.

Simulation Methods

We use a simulated annealing protocol to find the global
minimum for sequences in this model. Once a global
minimum is found, constant-temperature Langevin simu-
lations are carried out for characterizing the thermodynam-
ics and kinetics of folding to the native state. The protocol
for both the simulated annealing and Langevin simula-
tions has been described in previous publications.16,17 The
simulations are performed in reduced units, with the units
of mass m, length , energy εH, and kB all set equal to one;
temperature is in units of εH/kBT. The unit of reduced time
is � � �m2/εH.

The free energy landscape of the model is characterized
by sampling using the multiple multidimensional histo-
gram method.29,30 The use of this method to extract the
density of states for protein folding systems has been well
documented.16,37–39 As noted with previous uses of this
method with similar off-lattice models,16,40 one must be
careful to ensure equilibrium sampling of states at low
temperatures significantly below the collapse tempera-
ture. In this work, we collected six-dimensional histo-
grams over energy and five order parameters: radius of
gyration (Rg), �, ���, ���, and ����. � is the order parame-
ter for folding to the native state24:

� �
1
M

�
i, j�i�4

K

��ε � �rij � rij
nat�� (2)

where the double sum is over beads on the chain, rij and
rij

nat are the distances between beads i and j in the state for
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comparison and the native state, respectively, � is the
Heaviside step function, and ε � 0.2 accounts for small
fluctuations away from the native state structure. M is a
normalizing factor to ensure that � � 1 when the chain is
identical to the native state and � � 0 when the chain is in
a random coil state. The other three � values are a
specialization of � to monitor formation of specific second-
ary structure elements. The sum over residues for ��� only
involves beads in the first �-hairpin element; the sum for
��� involves beads in the first helix and third �-strand; and
the sum for ���� involves beads in the fourth �-strand,
second �-helix, and fifth �-strand. Other order parameters
monitoring secondary structure formation can be pro-
posed; those chosen in this case were found to well
characterize the range of structures being sampled in the
folding landscape. (Concerning computer implementation,
the collection of histogram data over six dimensions re-
quires a modification of the traditional array structure
used for one-dimensional or two-dimensional histograms.
Such data structures rapidly exhaust system memory
when the number of dimensions increases; we avoid this
problem in our work by employing sparse data struc-
tures,41 which grow only with the number of samples
taken.)

The kinetics of the folding process can be characterized
by calculating first-passage times. These times were calcu-
lated by taking high-temperature unfolded structures and
recording the time that they first folded to the native state
at a given temperature. First-passage times for chain
collapse (Rg

2 � 8.02) were also collected to investigate
questions of how closely chain collapse accompanies fold-
ing to the native state.27

Sequence Design

A combination of positive and negative design tech-
niques were used to converge on an appropriate ubiquitin-
like sequence for study. Initially proposed sequences were
modifications of the successful protein L/G-like sequence
examined in our previous work.17 This sequence formed a
natural starting point, since proteins L and G are mem-
bers of the ubiquitin fold class,42 and share a very strong
backbone similarity with ubiquitin. Forming a ubiquitin
structure from protein L involves inserting a �-strand and
�-helix into the loop region connecting �-strands 3 and 4 in
the original protein L/G structure. The sequence length
was extended to 68 beads from the 56 beads of the previous
model; this is comparable to the length of ubiquitin, which
has a sequence of 76 amino acids.

These initial sequences did not produce a final model, as
characterized by simulated annealing profiles and folding
studies. An ideal model has a simulated annealing profile
that robustly finds the native state in multiple simulated
annealing runs, indicative of a smooth underlying energy
landscape.16 It should also be able to find the native state
without becoming trapped in misfolded compact states at
temperatures near the folding temperature. Our original
sequences failed these tests.

To improve these sequences, cycles of negative design
were performed as described previously.16 The essence of

our design method is similar to many in use,43,44 but our
design method uses a library of dissimilar misfolded
structures generated from running multiple trajectories at
a temperature near the collapse temperature. This library
is then used to suggest sequence mutations, both in the
bead sequence and in the dihedral sequence, which would
be expected to further separate the energy of the native
state basin of attraction away from the misfolded states,
an important characteristic of a robust protein folding
model.45,46 The misfolded states sampled in this way are
more characteristic of the actual traps and basins of
attraction of significant misfolded states than if we were a
priori to choose energetically low-lying minima as our
putative misfolded states to design out. The detrimental
traps in the folding landscape are those that compete
kinetically with formation of the native state, not necessar-
ily those states that are thermodynamically competitive
but highly unlikely to be sampled during the folding
process, due to a small basin of attraction or prohibitively
high barrier to formation.

An interesting application of this design procedure was
to find regions in the dihedral sequence that would benefit
by mutation from sheet- or helix-forming residues to floppy
residues. Unlike most design protocols, the motivation of
this mutation was not to stabilize the native state or
destabilize misfolds, but rather to stabilize the transition
states between misfolds and the native state to facilitate
unfolding of misfolded dihedrals. A mutation in this direc-
tion for our ubiquitin model was suggested by successful
results we found in proposing similar mutations on our
protein L/G model.47 The final sequence contains one
floppy dihedral (14) which serves this purpose.

RESULTS

The designed sequence used in the study reported here
is shown in Table I. The dihedral sequence is three shorter
than the bead sequence because there are three fewer
dihedral angles than beads in a given chain. Table I also
includes the sequence of the naturally occurring ubiquitin
protein. If we assume reasonable definitions of residues
considered to be hydrophobic or hydrophilic, and define
small amino acids as neutral, we see that the overall
match between the reduced sequence and the aligned
(with gaps) ubiquitin sequence is quite good. It is impor-
tant to note that although we have designed for secondary
structure and tertiary topology, we have not a priori
designed a sequence to match the primary structure of
naturally occurring ubiquitin. It is encouraging that the
primary structure of our minimalist model is reasonably
faithful to the primary structure of the real protein, an
objective that is important as we try to move minimalist
models toward having predictive power for new sequences
whose structure is unknown.

The global minimum structure found from multiple
simulated annealing runs is shown in comparison with the
native state of ubiquitin in Figure 1. We see that the
resulting structure is ubiquitin-like because of the same
ordering of secondary structure elements (Table I), and
because it has a very similar overall topology to the
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ubiquitin fold. Both our model and ubiquitin consist of a
mixed �-sheet with a central helix packed against it, and
the ordering of elements in both structures is a �-hairpin
followed by an �-helix followed by two �-strands, a short
�-helix, and a final �-strand. Closer agreement with the
backbone structure of ubiquitin is difficult to achieve in a
model at this level of detail. For example, the characteris-
tic twist of the �-sheet and the tilt angle of the central
helix, conserved across many members of the ubiquitin-
like fold class, are probably governed by hydrogen-bonding
patterns and side-chain packing constraints, items not
present in our model. However, our model does capture the
overall topology and distribution of local and nonlocal
contacts, elements recently considered to be possibly the

most important in governing the overall kinetics of protein
folding.13,14,48–50

Thermodynamics

The thermodynamics of the folding process for our model
were characterized by running multiple trajectories at
various temperatures and combining the resulting statis-
tics with the multiple multidimensional histogram method.

An important indicator of the folding of the model is the
relative population of the native state as a function of
temperature

Pnat�T� �

�
� � �NBA,Rg � Rg

NBA

P�,Rg

�
�,Rg

P�,Rg

(3)

where the sums are over all states, P�,Rg
is the relative

population of states having a similarity to the native state
of � and a radius of gyration of Rg, and �NBA and RNBA

define the dividing surface in (�, Rg) space separating
native states from non-native states. The actual ground-
state structure itself is of such low energy and entropy that
it would not be significantly populated until very very low
temperatures, and therefore the definition of the native
state represents an ensemble, and not only the ground-
state structure. Unlike previous studies with these types
of models,16,17,51 we included the condition Rg � Rg

NBA to
further refine the native-state basin of attraction (NBA). A
small percentage of states have � � �NBA, but they are
clearly not compact and therefore not truly native-like.
�NBA can be determined by a plot of free energy versus �37;
alternatively, a consistent value can be found by locating
the temperature of the maximum peak in the fluctuations
in �, �2�(T), and using �NBA � ��(T)� corresponding to that
temperature. Both methods give a value of �NBA � 0.37,
which was used in eq. 3 and for the purpose of collecting
first-passage times.

Figure 2 shows Pnat(T), as well as the fluctuations in
radius of gyration as a function of temperature, �2Rg(T) �

�Rg
2(T)� � �Rg(T)�2. From the Pnat(T) curve, we can identify

Tf � 0.51 as the folding temperature for this model, where
Pnat(T) � 0.5.37,38 The fluctuations in the Rg curve gives
information on the location of collapse transitions in the
folding process. We can see that a major transition occurs
at T 	 0.56. Looking at the plot of �Rg(T)� (J.M. Sorenson
and T. Head-Gordon, unpublished observations). it is

TABLE I. Bead and Dihedral Sequences for the Ubiquitin-like Model*

1° Ubiquitin experiment MQIFVKT LTK TITLE VPTIENVKAK IQDKEGQRLI

1° Ubiquitin model LBLBLBLBLB NNLNBBBBBB BBNNLLBBLB BLLBNNLBBB

1° Ubiquitin experiment FAGKQEDGRT LSDYNIQKET LHLVLRLR

1° Ubiquitin model BBNLBLBLLB NLBBLBBLNB BLBLBLBL

2° Ubiquitin experiment EEEEEET TSC EEEEE TTEHHHHHHH HHHHHCEEEE

2° Ubiquitin model EEEEEEEEH THEHTEEEEE HHEHHHHHHH HHHEHTEEEE

2° Ubiquitin experiment ETTEECTTSE THHHTCCTTE EEEEEC

2° Ubiquitin model ETHEEEETEE THHHHHHHEH HEEEEE

*B � hydrophobic; L � hydrophilic; N � neutral; E � extended; H � helix; T � turn.

Fig. 1. Native-state structure for the ubiquitin-like model. a: Front
view. b: Top view. c: x-ray crystal structure of ubiquitin.26 (PDB code:
lubi.) [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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apparent that this corresponds to a final transition to a
fully collapsed state from a partially collapsed state. The
initial collapse to the partially collapsed state is a very
noncooperative process, as would be expected from such a
transition between two disordered states, and occurs at
T 	 0.8. Collapse of the chain in this model can be
identified as a three-state process. However, the observa-
tion that the final collapse of the chain occurs relatively
close in temperature to the acquisition of the native
structure is promising for demonstrating the good folding
properties of the model.52,53

Further information on the nature of the collapse and
folding process can be derived from examining the plot of
heat capacity CV versus temperature, shown in Figure 3.
From this plot, we can see that the early coalescence of
structure noted near T 	 0.8 results in a broad transition
signature in the heat capacity curve. As we approach the

folding temperature, the final collapse and formation of
native contacts result in a much sharper energetic transi-
tion, as evidenced by the taller and sharper peak in CV(T)
near T � 0.55. This finding is consistent with the tempera-
ture dependence of native-state structure formation and
fluctuations in Rg shown in Figure 2.

Another common thermodynamic observable used to
characterize the shape of the underlying free energy
landscape is the  parameter

 �
T� � Tf

Tf
(4)

which has been widely used previously to predict the
foldability and cooperativity of folding for similar off-
lattice models.16,53,54 As noted above, the folding of the
current model exhibits a less well-defined collapse transi-
tion, and it might not be appropriate to ascribe a single  to
the folding. We determine a  value of 0.10, found by
taking T� � 0.56, but as we shall see in the kinetics
section below, such a low value might be misrepresenta-
tive of the actual foldability of the system.

The Z-score,54 defined as

Z �
�Enon-nat� � �Enat�

��Enon-nat�
(5)

is closely related to the criterion used by Shakhnovich and
coworkers55 to predict good folders from thermodynamic
information alone. A high Z-score represents good discrimi-
nation in the model between native and non-native states,
a necessary criterion if the landscape is to possess a
funnel-like shape directing folding chains to the native-
state basin of attraction. We find a Z-score of 1.51 that is
due to the large energy gap between native and non-native
states found in this model (the numerator in eq. 5 with a
value of 21.4 kBT). Figure 4 shows the distribution of
energies of native and non-native states at the folding

Fig. 2. Native state formation and fluctuations in Rg as a function of
reduced temperature T. Pnat(T) (—), �2Rg(T) (---).

Fig. 3. Heat capacity Cp as a function of reduced temperature T.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Fig. 4. Energy distributions for native (—) and non-native (---) states at
Tf � 0.51.
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temperature. These distributions show that there is an
energetic bias favoring native-like states, although the
fact that the distributions overlap indicates the strong
possibility of misfolded traps along the folding pathway.

Because our sampling is conducted over multiple order
parameters, we can monitor the formation of various parts
of the protein structure versus temperature (Fig. 5). We
can see from the figure that the formation of the central
�-helix and its adjoining �-strand (3) occurs first as the
temperature is lowered and the high-temperature random
coil state begins to acquire structure. It is immediately
apparent that the structuring of the last part of the protein
chain is last to occur as the temperature is lowered and
that this process is highly noncooperative. This indicates
that there are many competing states for the ordering of
this portion of the chain. As we will see, in ubiquitin this
portion of the chain corresponds to the most disordered
segment of the protein, and it might be expected that such
a disordered structure would resist full structuring until a
much further decrease in temperature (or denaturant, in
the case of the real protein).

As noted in the Introduction, the folding of a physico-
chemical minimalist protein model of this size has not
been simulated to date. An interesting feature that arises
from this size of protein is the division of portions of the
chain into cooperative and noncooperative folding. Whereas
the thermodynamics of the overall folding process is fairly
two-state and cooperative, as can be seen in Figure 2, the
ordering of individual portions of the protein vary from the
very cooperative formation of the first hairpin, a feature
also present in the earlier protein L/G model,17 to the
essentially noncooperative formation of the last �-strands
and final �-helix. It has been anticipated that the folding of
separate domains of multi-domain proteins might follow
different kinetics, but here we see the interesting case that
distinctly different kinetics can be traced down to the
smaller level of supersecondary structure formation in a
single domain.

The free energy landscape for folding is well captured by
projecting the free energy onto order parameters monitor-
ing collapse of the chain and formation of native-like
structure. Figure 6 shows the free energy at Tf � 0.51 as a
function of radius of gyration Rg, and native-state similar-
ity �. The resulting shape is L-like, with non-native
unfolded states in the upper left, non-native collapsed
states in the lower left, and the native-state ensemble at
the lower right, is common to many of the off-lattice bead
models studied so far.4,16,37 The presence of more states
toward the diagonal, representing partially collapsed,
partially native states, is a favorable property of the
landscape if our goal is to achieve fast-folding collapse-
concomitant-with-folding scenarios.17,56 The two favorable
basins at this temperature represent collapsed non-native
states, with some propensity for unraveling, and collapsed
more native-like states.

The pathways for folding can be better analyzed by
projecting the free energy onto the order parameters for
secondary structure formation. Figure 5 indicates that the
secondary structure elements corresponding ��� and ���

show more cooperative two-state like behavior, as further
confirmed in Figure 7. Here we see that the free energy is
asymmetric with respect to formation of these secondary
structure elements, with a marked propensity for prior
formation of ���, the packing of the central helix against
strand 3. There is even evidence in the upper left corner of
Figure 7 that a metastable intermediate might exist along
the folding pathway, representing a structure with the
�-helix formed and part of the middle of the sheet, but with
the first �-hairpin not yet formed. This is very similar to
the earlier observation of asymmetric �-hairpin formation
in the protein L/G model.17 The free energy is not prohibi-
tively high for folding to proceed along the diagonal,

Fig. 5. Formation of secondary structure versus temperature. ��� (—),
��� (---), and ���� ( � – � ).

Fig. 6. Free energy as a function of Rg and � at Tf � 0.51. Contour
lines are spaced at intervals of kBT. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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forming ��� and ��� simultaneously, so we would identify
such an intermediate as nonobligatory.

We can further characterize the nature of this intermedi-
ate state by projecting the free energy onto the radius of
gyration Rg and ���. This slice through the free energy
surface is shown in Figure 8a, where we see many features
similar to those in Figure 6. The free energy as a function
of the ��� coordinate clearly exhibits a non-native and
native basin of attraction. The non-native basin of attrac-
tion in Figure 8a is consistent with a collapsed intermedi-
ate with no secondary structure formed.34,57 In addition,
there are significant number of states that have high
values of ��� and also relatively large values of Rg. These
represent states where the �-helix and �-strand 3 are
packed against each other, but the rest of the structure is
non-native and fluctuating in size. This constitutes further
evidence that the formation of the �� structure is indepen-
dently stable and might play a role in forming a folding
intermediate.

A useful contrast is to examine the corresponding plot
for ����, shown in Figure 8b. Figure 5 indicates that the
secondary structure elements corresponding to the latter
half of the chain, ����, does not participate actively in the
folding process; rather, they seem to fold as a spectator to
folding. This is verified by examining the free energy
dependence on ����, which is broad and characteristic of a
higher-order transition with no evidence of two-state
behavior. In this case, we also see evidence for formation of
native-state structure in partially collapsed states, but the
formation of a native state structure is very noncoopera-
tive and is likely to flicker out of existence quickly, as
evidenced by the single large basin in the free energy
surface. This is consistent with the temperature profile for
this order parameter, shown in Figure 5, as the slope of the

���� versus T curve is directly related to �2����(T), the
mean fluctuations in ����.

Kinetics

The kinetics of folding to the native state were moni-
tored at different temperatures by collecting first passage

Fig. 7. Free energy as a function of ��� and ��� at Tf � 0.51. Contour
lines are spaced at intervals of kBT. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Fig. 8. Free energy as a function of Rg and native-state secondary
structure formation at Tf � 0.51. Contour lines are spaced at intervals of
kBT. a: F(���, Rg). b: F(����, Rg). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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time distributions—recording the time when the folding
chain first enters the native-state basin of attraction, and
fitting the data to an appropriate functional form depend-
ing on the nature of the observed kinetics.

The highest temperature examined was T � 0.57,
which is close to the final collapse transition. Folding at
this relatively high temperature showed three-state behav-
ior (Fig. 9), with the best fit of the kinetic data being a
double exponential curve:

�
i

aiexp��t/�i� (6)

with parameters ai and �i given in Table II. The quality of
fit was measured by the mean �2 value:

�2 �
1
N
�

i

�yi � yi
0�2 (7)

where {yi} are the fit points and {yi
0} are the data points.

The biexponential kinetics indicates that partially col-
lapsed states represent long-lived intermediates on the
folding pathway, with folding occurring by both fast col-
lapse-and-folding routes as well as escape from longer-
lived collapsed states.

Close to the folding temperature, the folding is best fit by
three exponentials, as can be seen with the T � 0.52 curve
in Figure 9a, with fitting parameters given in Table II.
These three exponentials correspond to populations that
fold on a very fast (16%), an intermediate timescale that is
an order of magnitude slower than the fastest (43%), and a
very slow folding population (41%) that involves a time-
scale close to our simulation cutoff time of 150,000� (Fig.
9b). It should be noted that 20% of the chains have not
found the native state by the cutoff time; however, the
curvature of the folding kinetics leads us to conclude that
more chains would fold if the allowed folding time had
been extended past this cutoff.

The presence of triexponential kinetics at the folding
temperature could signal poor folding kinetics for the
model. We therefore considered other functional forms
such as a stretched exponential

exp��t/�s�
� (8)

that is appropriate when the system moves away from
activated kinetics toward behavior consistent with glassy
landscapes.40,56 However, the fit to the T � 0.52 data was
poor.

Furthermore, the folding kinetics remain encouragingly
multi-exponential to lower temperatures. If the folding
were slowed down to a more glass-like regime, we would
expect the kinetics to be a straight, shallow-sloped line on
a log–log plot, representative of power law behavior.16,40

Instead, Figure 9a shows that the kinetics at T � 0.48 do
not differ significantly from the T � 0.52 kinetics at long
times (Table II), indicating that as T drops below Tf, the
protein chain is still able to find the native state by
activated kinetics dominated by only a few important
barriers, albeit slowly. This condition leads us to assert
that the glass temperature Tg

38,58,59 is lower than the
folding temperature for this model, with a Tf /Tg 	 1.0. The
ratio Tf /Tg gives a simple characterization of the steepness
of the protein folding funnel for theoretical and real
proteins, and real proteins are expected to have a Tf /Tg �

1.0, although recent theoretical work suggests that genu-
ine native-state stability for small two-state proteins has a
signature Tf /Tg � 6.0.

The relatively straight line of the T � 0.44 kinetic trace
is indicative of power law behavior at this temperature,
representing much glassier kinetics, dominated by tra-
versal of a rough and deep energy landscape. However, if
we fit the data at T � 0.44 to a single stretched exponen-
tial or power law form, we find that the fits are poor. The
triple exponential fit at this temperature finds an ex-
tremely large value of �3, indicating that the folding is

Fig. 9. a: Distribution of first-passage times to the native state at T �

0.57 ({), T � 0.52 (F), T � 0.48 (�), and T � 0.44 (Œ). ---,
multi-exponential fits to the data points (see Table II). b: Distribution of
first-passage times for folding at T � 0.52, with the kinetics broken into
three exponential regimes. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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better described as a biexponential (Table II), characteriz-
ing the kinetics of the folded chains, plus a constant
representing the population that remain unfolded beyond
t � 150,000�. Our best fit considered two stretched
exponentials, where we find values of �, the stretched
exponential exponent, of 0.57 and 0.49 for the fast and
slow pathways, respectively (Table III). All these determi-
nations of exponents are consistent with the expected and
observed relaxation kinetics to the native state at tempera-
tures below the collapse and folding temperatures, a
common effect seen in the folding literature.31,60–62

DISCUSSION

The current experimental picture for the folding of
ubiquitin is in good agreement with the scenario we have
described here for this ubiquitin protein model. An engi-
neered tryptophan mutant of ubiquitin (F45W), when
placed in low denaturant concentrations, gives rise to an
early folding intermediate that accumulates during the
first few milliseconds of refolding; the observed change in
the Trp-45 fluorescence is consistent with the formation of
a compact intermediate with a partially developed hydro-
phobic core.34 A complementary study on ubiquitin using a
variant of hydrogen-exchange labeling showed that there
are no early intermediates with secondary structure
formed.57 Considering the various free energy projections
(Figs. 6–8) generated from our ubiquitin model, we also
see evidence for a compact intermediate with little second-
ary structure formed.

Several experiments have characterized the structure of
an A-state of ubiquitin that is stable at low pH in 60%
methanol solution.32,33 The combined results from three-
dimensional nuclear magnetic resonance (NMR)33 and
fragment secondary structure studies32 indicate that the
A-state consists of structuring of the first �-hairpin and
the central �-helix, comprising the first 33–35 residues of
the sequence. Results from hydrogen–deuterium ex-
change NMR also suggest that the first formation of
secondary structure occurs cooperatively between the cen-
tral �-helix and �-sheet, with the C-terminus loop region
forming last in the folding process.35 As seen in our model
of ubiquitin, the secondary structure order parameters
indicate that the crucial event in folding is the formation of

the �-helix with the first part of the �-sheet. The coopera-
tive formation of secondary structure occurring in the first
part of the sequence is crucial in propelling the chain into
the native-state basin of attraction.

Our model also reproduces the observation that the
C-terminus loop structure in ubiquitin is last to fold in the
folding process35 and most likely plays a spectator role in
the folding kinetics. The last part of the chain, monitored
by ����, forms noncooperatively and fluctuates in and out
of existence until much lower temperatures below the
folding temperature. However, it is interesting that in our
model this region possesses more secondary structure
formation than in the corresponding loop region in ubiq-
uitin, although the last �-strand packs itself against the
�-sheet instead of inserting itself in the sheet as in the
ubiquitin structure. That this region still folds noncoopera-
tively is indicative that the lack of strong local interactions
in this portion of the chain contributes to the formation of
nonspecific structure. Therefore we find that the most
important factors governing the overall kinetics are chain
topology and the distribution of local and nonlocal con-
tacts,12–15,48–50 as it is specifically this aspect that is most
preserved between our simplified model and ubiquitin.

CONCLUSIONS

We report the successful development of an off-lattice
model for probing the folding of larger proteins based on a
ubiquitin-like fold topology. Such a model permits thor-
ough characterization of the folding thermodynamics and
kinetics, while retaining enough detail of the actual pro-
tein to provide useful comparison to experiment.

The designed ubiquitin-like model possesses a funnel-
like landscape, but with escape from collapsed states
strongly influencing the folding kinetics at temperatures
close to the folding temperature. The favorable energy gap
and Z-score indicate that the native state is energetically
separated from non-native folds at the folding tempera-
ture, although discrimination of the native state must
compete with some overlapping low-energy non-native
states (Fig. 4). This is also indicated in the Rg � � free
energy landscape shown in Figure 6, where we see the
prominence of a basin of compact non-native states.

TABLE II. Fitting Parameters for the Kinetic Traces in Figure 8*

T a1 �1 a2 �2 1 � a1 � a2 �3 �2/10�4

0.57 0.59 5,900 0.41 69,000 — — 3.6
0.52 0.16 500 0.43 6,500 0.41 160,000 0.95
0.48 0.23 600 0.36 11,000 0.41 260,000 1.1
0.44 0.28 1,300 0.30 25,000 0.43 600,000 2.5

*Times are in units of �.

TABLE III. Stretched Exponential Fitting Parameters for the Kinetic
Traces in Figure 8*

T a1 �1 �1 1 � a1 �2 �2 �2/10�4

0.44 0.42 4,400 0.57 0.58 1,100,000 0.49 0.94

*Times are in units of �.
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The nature of these states can be ascertained by examin-
ing the landscape as a function of radius of gyration and
the secondary structure order parameters (Fig. 8). Fluctua-
tions in Rg are large for compact non-native states, unlike
the compact native state. This indicates that states formed
by nonspecific collapse have many unfavorable contacts,
destabilizing them and encouraging structure unraveling.
This would be expected to be an important property of real
proteins, enabling compact non-native states to unfold
partially or completely and refold correctly to the native
state. In contrast, the compact native state optimally
satisfies the attractive interactions that hold the core
together, and fluctuations in the radius of gyration are
largely suppressed.

The folding landscape of this model shows a good
energetic separation between native and non-native states,
and a favorable folding funnel for directing unfolded
chains to the native state. Folding proceeds through
multiple pathways, fast pathways involving collapse to
native-like states and rapid folding and slow pathways
requiring escape from collapsed non-native states. In
addition, the assembly of supersecondary structure ap-
pears to follow multiple pathways, with the ability either
to proceed in stepwise fashion or to assemble concurrently.

The benefits of this level of abstraction in our model of
ubiquitin, and our ability to characterize the free energy
surface using projections with different order parameters,
permit us to demonstrate agreement with a composite of
experiments involving ubiquitin under various conditions
or mutated forms. This is similar to our characterization of
the free energy surface of our model of protein L/G, two
proteins with identical topology but very different primary
sequences, in which we find that two main pathways exist
for folding of the mixed �/� structure. One pathway
involves formation of an intermediate (and is the lower
energy pathway in our model), while the other pathway
involves a single barrier. Our model therefore encom-
passes a composite of experiments both for protein G,
which have established the existence of a high-energy
intermediate along the folding pathway,63 and for protein
L, which appears to be strictly two-state.27 In the case of
ubiquitin, our model reproduces the observation that the
C-terminus loop structure in ubiquitin is last to fold in the
folding process35 and probably plays a spectator role in the
folding kinetics. The possibility of a productive metastable
intermediate along the folding pathway consisting of col-
lapsed states34 with no secondary structure64 and interme-
diates or transition structures involving secondary struc-
tural elements occurring early in the sequence32,33 is also
supported by our model.

It is interesting that this longer ubiquitin chain shows
biexponential kinetics above the folding temperature, while
shorter chains tend to exhibit single exponential kinetics
at these temperatures16,17 (although we would expect that
this model would show single exponential activated kinet-
ics at suitably higher temperatures as well). Although the
experimental heat capacity for ubiquitin does not show our
pre-transition peak, the non-two-state nature of our CV

curve is not necessarily inconsistent with the observation

that ubiquitin under certain conditions shows evidence for
three-state behavior. Nonetheless, non-native collapsed
states might play too large of a role in the folding kinetics
of our model as compared with real proteins,16,17,40 (al-
though it should be noted that protein folding involving a
highly compact non-native state has been recently re-
ported64). Furthermore, there is new evidence that the
temperature of the onset of glassy kinetics should be much
lower than what we observe in this model.65,66

Ubiquitin may also be unusual in that several protein
redesign experiments have indicated that interactions
between hydrophobic residues in the ubiquitin core are
near optimal,48,67 which may be related to strong sequence
conservation in the ubiquitin structural superfamily, sug-
gesting that this could play an important role in the rapid
folding kinetics of ubiquitin. This is further evidence that
energetic frustration is likely minimized for natural ubiq-
uitin, that our ubiquitin model successfully optimizes
topological but not energetic frustration, and that further
improvements in our minimalist model ubiquitin need to
be pursued.

Real proteins have several structural features not mod-
eled in this study that might provide more specific col-
lapse. These include a larger variety of attractive interac-
tions (polar–polar, as well as hydrophobic), more
cooperative formation of secondary structure such as
�-helices through backbone hydrogen bonding, and the
cooperativity provided by the very specific side-chain
packing of the native-state core. However, the overall
faithfulness of this model to the ubiquitin fold and its
favorable comparison with experiment make it viable for
further improvement study in regards to the folding of
longer chains and in particular to complex fold topologies.

In addition to the present study, we have now completed
multiple studies at this simplified level of description of
protein folding addressing issues of protein design,16 the
folding of small �/� proteins,17 and the role of sequence
mutations in the folding of protein L.47 In combination, we
believe they indicate the utility of this level of modeling as
a productive step forward given current computational
limits. Additional questions which should be amenable to
further studies include the folding of other protein fold
classes, the effects of parameter choices in the energy
function on the formation of local and nonlocal structure,
and the role of solvent effects in the thermodynamics and
kinetics of protein folding68 (J.M. Sorenson and T. Head-
Gordon, unpublished observations).

An interesting possibility suggested by this level of
modeling is the feasibility of genomic-scale modeling.
Characterizing protein folding kinetics and thermody-
namic stability across whole genomes is insightful because
such determinations may distinguish, for example, very
stable housekeeping enzymes that are required over longer
time scales versus short-lived but quickly folded proteins
that are expressed during times when quick response to
external stress is required. While the experimental effort
in structural genomics is focused on providing new fold
classifications, computation and theory will and should
play a complementary role of completing structural, ki-
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netic, and thermodynamic information across whole ge-
nomes.69 Minimalist models that we have developed for
complex �/� folds and larger protein sizes are important
validation steps in our ultimate goal of prediction across
genome sequence data.
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AQ10—OK as meant? (Please check for sense.)

AQ11—Please update.

AQ12—Please complete/update reference.

AQ13—Please provide chapter title.

AQ14—Au: Online color default. No reply to color quotes sent 8/30, 11/7, and 11/29. If you wish to have
figures printed in color, please return letter w/proofs.
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